Positron annihilation lifetime spectroscopy was employed to study the effect of amine modification on interfacial interaction and structural transition for epoxy/multiwalled carbon nanotube ͑MWNT͒ composites. Temperature dependence of orthopositronium lifetimes suggests that sample with amine-modified MWNTs possesses the highest glass transition temperature compared with unmodified samples and neat epoxy resin, which indicates that stronger interfacial interactions exist between epoxy matrix and amine-modified MWNTs, as a result of the covalent bonds and other weak forces. This is testified by interaction parameter ␤ calculated in terms of the positron annihilation parameter. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3067873͔
In recent years, polymer based carbon nanotube ͑CNT͒ composites have received more and more attentions. CNTs are more effective in improving the mechanical properties of matrix than other fillers. To transfer the superior properties of the CNTs to the polymer matrix, critical challenges lie in achieving excellent interfacial adhesion between the CNTs and polymer matrix. However, generally speaking, the interfacial interactions between them are weak van der Waals forces. In order to acquire stronger interactions, chemical bonds between CNTs and matrix are induced by functionalized CNTs.
1,2 Although significant progress has been made in developing the mechanical properties of nanocomposites, the mechanism of properties affected by microstructure is still not clear, and the studies focused on the microstructure and free volume in polymer nanotube composites have rarely been reported. In this work, positron annihilation lifetime spectroscopy ͑PALS͒ was employed to study the effects of interfacial interactions on the atomic scale free volume size and structural transition in epoxy/multiwalled CNT ͑epoxy/ MWNT͒ composites.
Samples used in this work are nanocomposites based on epoxy resin matrix with the modified and unmodified MWNTs as fillers, respectively. The chemical name of this epoxy resin matrix is di͑2,3-epoxypropyl͒-3,4-epoxy-1,2-cyclohexanedioate. The MWNTs were produced by chemical vapor deposition with a purity of 95% and an average outer diameter of 30-100 nm. To obtain the amine-modified MWNTs ͑MWNT-NH 2 ͒, nanotubes were modified by diethylenetriamine ͑DETA͒ first, and then they were added into epoxy resin to prepare final standard samples of epoxy/MWNT-NH 2 nanocomposites. The epoxy/MWNT nanocomposites were prepared using the unmodified MWNTs in the same way. Weight contents of MWNTs and MWNT-NH 2 in the composites are 0.2%, 0.6%, and 1.0%, respectively. The detailed process of sample preparation was addressed in the earlier work.
The schematic diagrams of epoxy/MWNT-NH 2 formation are shown in Fig. 1 . The fresh fracture surfaces of the composites with 0.2 wt % MWNTs and 0.2 wt % MWNT-NH 2 were examined by scanning electron microscopy ͑SEM͒ ͑FEI Sirion, The Netherlands͒, as shown in Figs. 2͑a͒ and 2͑b͒, respectively. It is clear that the average diameter of modified nanotubes is larger than that of the unmodified ones, which indicates that a layer of DETA has been coated on the surface of nanotubes by physical adsorption ͑step 1 in Fig. 1͒ after modification. The transmission electronic microscopy ͑TEM͒ ͑H-600, Hitachi, Japan͒ image in Fig. 2͑c͒ shows the existence of the middle-empty nanotubes in the composites with 0.6 wt % MWNT-NH 2 , which indicates that DETA was coated on the surface of nanotubes rather than filled into them. After the chemical reaction between amine group and epoxy group, carbon-nitrogen ͑CN͒ bonds have been formed between MWNT-NH 2 and epoxy matrix ͑step 2 in Fig. 1͒ , which play a very important role in enhancing the interactions on the interface.
Strong interactions between matrix and fillers have the ability to limit the motion of the molecules. Variations in the microstructure attributed to the stronger interactions can be measured by positron probe. PALS was carried out by using a conventional fast-fast coincidence system with a time resolution of Ϸ275 ps ͑full width at half maximum͒. the measured spectra were resolved into three components using PATFIT for discrete analysis. Volumes of free volume cavities can be evaluated from orthopositronium ͑o-Ps͒ lifetime 3 according to Eqs. ͑1͒ and ͑2͒,
where R is the radius of the free volume cavity and ⌬R = 1.656 Å ͑Ref. 3͒ is derived from fitting the observed o-Ps lifetimes in molecular solids with known cavity sizes. Figure 3 shows the o-Ps lifetime and free volume size as a function of the MWNTs and MWNT-NH 2 weight content in nanocomposites at room temperature. It is clear that after DETA modification, o-Ps lifetimes and free volume sizes of epoxy/MWNT-NH 2 composites are obviously smaller than those of the epoxy/MWNT composites. This is attributed to the strong interactions between the matrix and the fillers of epoxy/MWNT-NH 2 composites, including covalent bonds and other forces. Under these strong interactions, the moving space of molecular chains is limited to a lower level, resulting in the decrease in free volume sizes. It is interesting that the free volumes of composites filled with either MWNTs or MWNT-NH 2 are larger than those of neat epoxy resin. Similar phenomena were observed in other polymer nanocomposites. 4 When the nanotubes were added into the matrix, the conformation changes were induced. The packing modes of epoxy molecular segments were partly disarranged and a large amount of segmental chains were adsorbed on the surface of nanotubes, leading to the increase in motility of the molecules; on the other hand, the covalent bonds and other interactions on the interface limit the motion of the chains. Therefore, the increased free volume size of the composites is the equilibrium of the above two facts. With the increase in the nanotube weight content, free volume sizes decreased, which is attributed to the aggregation and poor dispersion of nanotubes in the matrix.
In order to examine the further effect of nanotube fillers on the microstructure, the continuous analyses of the o-Ps lifetimes have been performed using MELT, as shown in Fig.  4 . It is obvious that the o-Ps lifetime distribution of neat epoxy resin reveals only one peak in the curve, while the nanocomposites with either MWNTs or MWNT-NH 2 possess two separated peaks. This fact indicates that the nanotubes can lead to a variation in packing density of chains and to an enhancement in the degree of local ordered regions for the composites.
In order to study the effect of the interfacial interaction on the structural transition, the variations in the o-Ps lifetime versus the temperature have been measured, the free volume hole sizes have been calculated in the temperature range from 180 to 320 K for neat epoxy resin, epoxy/0.2 wt % MWNT-NH 2 and epoxy/0.2 wt % MWNTs, as shown in Fig.  5 . It is evident that these curves have the distinct slope dV / dT or d 3 / dT in different temperature ranges, which indicates the existence of structural transitions. To determine the structure transition temperatures, a least-squares linear fitting of straight lines was used to approximate the temperature dependence of the free volume sizes. Glass transition temperatures T g of samples can be determined by the crossing point of two lines, which are listed in Table I . According to Fig. 5 , it is obvious that the epoxy/0.2 wt % MWNT-NH 2 composite has the highest T g among the three samples, and the T g of neat epoxy resin is the lowest, which is in good 
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agreement with the results obtained from differential scanning calorimeter ͑DSC͒ ͑Pyris 1, PerkinElmer Instruments, USA͒, as shown in Table I . Generally, the T g determined by PALS is lower than that measured by DSC. This discrepancy is due to the longer duration of the PAL measurement at a fixed temperature compared with DSC. Below and near T g , the long-time relaxation may affect significantly the molecular structure of polymers, in particular, the relaxation of molecular chains, which may lead to the difference in T g measured by PALS and DSC. The interfacial interactions limit the motions of the chains and restrain the movement of molecules, requiring a higher temperature to activate the motions. After DETA modification of the MWNTs, covalent bonds formed through the chemical reaction between the matrix and fillers. The stronger interactions make the epoxy/MWNT-NH 2 composite possess higher T g than the epoxy/MWNT composites. This fact suggests that the DETA modification of MWNTs can indeed enhance the interfacial interactions and T g of the composites.
Interaction parameter ␤ as a function of the CNT weight content is shown in Fig. 6 , which is an intuitionistic characterization of the interaction between fillers and matrix. Its value can be calculated according to Eq. ͑3͒,
where I 2 is the intensity of the intermediate-lived component of positron annihilation, ⌽ is the weight content of fillers or matrix, and the superscripts C, E, and M refer to the composites, epoxy resin matrix, and pure MWNTs, respectively. From Fig. 6 , the absolute values of ␤ in epoxy/MWNT-NH 2 composites are larger than those in epoxy/MWNT composites. On the other hand, this change in ␤ is not marked in the composites with 1.0 wt % MWNTs and MWNT-NH 2 , maybe this is attributed to the aggregation and poor dispersion of nanotubes in the matrix. As mentioned above, we conclude that stronger interfacial interactions exist in the composites with MWNT-NH 2 , which is in good agreement with the determination of T g , as shown in Table I .
In conclusion, after modification, the surface of MWNTs has been coated with a layer of DETA, which makes the CN bonds be easily produced on the interface of epoxy/MWNT-NH 2 composites through the chemical reaction. Positron lifetime analyses reveal that the epoxy/MWNT-NH 2 composites possess the smaller free volume sizes than those of the epoxy/MWNT composites. From the variation in o-Ps lifetime with temperature, we found that the T g of epoxy/MWNT-NH 2 is the highest compared with those of the others due to the strongest interfacial interaction. Continuous positron spectroscopy analyses show that the o-Ps lifetimes of the nanocomposites were divided into two peaks, indicating that the variation in packing density of chains occurs and the degree of local ordered regions is enhanced. 
